A method is described for the preparation from green and etiolated tissues of the pea plant, of cytoplasmic particles 'with high oxidative activities in the presence of intermediates of the tricarboxylic acid cycle. The cofactor requirements have been investigated, and for preparations from etiolated pea stems, a phosphorylative ability comparable with animal mitochondria has been obtained. With certain of these preparations an oxidation of butyrate has been demonstrated.
I. INTRODUCTION
It has been shown that particulate preparations obtained from certain plant tissues contain an integrated system of enzymes, which can bring about the oxidation of intermediates of the tricarboxylic acid cycle and the subsequent synthesis of organic phosphate, the latter made possible by part of the energy released by these oxidations (MilleI'd et al. 1951) . These particles were identified with the mitochondria present in the cytoplasm of intact plant cells. While cytological evidence has demonstrated the wide distribution of mitochondria in plant cells (see Newcomer 1951) , the biochemical evidence of their ability to oxidize respiratory intermediates via the tricarboxylic acid cycle has been confined to relatively few tissues. Particulate preparations with this ability have been isolated from etiolated seedlings of mung bean (MilleI'd et al. 1951 ) > pea (Davies 1953; Price and Thimann 1954) , and lupin (Brummond 1952) , the i\rum spadix (Hackett and Simon 1954) , potato tubers (Sharpensteen and Conn 1954) , cauliflower buds (Laties 1953a) , and the fruit of the avocado (Millerd, Bonner, and Biale 1953) , and apple (Pearson and Robertson 1954) . Little is known of the biochemical properties of such particles occurring in roots, while Brummond (1953) has cast doubt on the localization of the tricarboxylic acid cycle, as an integrated system, in cytoplasmic particles in the green leaves of lupins.
The purpose of this investigation was to demonstrate that biochemically active mitochondria could be isolated from various tissues of the one plant.
The results show that active mitochondria can be isolated from all major organs of both green and etiolated pea plants . were soaked in water for 4 hr, then in mercuric chloride (0· 001M) for 2 min. The seeds were well rinsed with water, placed on moist cotton wool and kept for 2 days in the dark at 20-25°C. For each preparation 60 g of material was used.
(ii) Pea Seedlings.-Pea seeds were pretreated with water and mercuric chloride as described above, then planted in moist vermiculite. Etiolated seedlings were used after 1-2 weeks growth at 20-25°C, while green seedlings were grown at the same temperature in sunlight and used after 2-3 weeks growth. For each preparation 80 g of etiolated stems, 60 g of roots or green stems, 10 g of green leaves, or 5 g of etiolated leaves were used.' (iii) Peas.-These were obtained from local markets, 50-60 g being employed for each preparation.
(b) Chemicals and Enzymes
Coenzyme concentrate (Coe) was made from dried Brewer's yeast by adsorption of the coenzymes from an aqueous extract onto charcoal, followed by elution with 10 per cent. pyridine and precipitation with acetone, according to the method of Le Page and Mueller (1949) . The Coe contained 15·5 per cent. diphosphopyridine nucleotide (DPN) and 0·8 per cent. triphosphopyridine nucleotide (TPN), these substances being assayed by the methods of Racker (1950) and Le Page and Mueller (1949) respectively. DPN (50 per cent.), TPN (30 per cent.), and glucose-6-phosphate dehydrogenase were prepared as described by Le Page and Mueller (1949) , alcohol dehydrogenase according to Racker (1950) ,;:' and hexokinase according to Berger et al. (1946) . Isocitrate was prepared by hydrolysis of the lactone (Krebs and Eggleston 1944) . Ethylenediaminetetraacetate, adenylic acid (AA), and other substances employed, were obtained from commercial sources.
( c) Preparation of Isolated Particles
With the exception of pea shells, in which a Waring Blendor was employed, the plant tissue was ground in a mortar with 1/5 vol. of sand and 1/3 vol. of sucrose (0· 5M) containing ethylenediaminetetraacetate (5 X 10-3 M), pH 7·3. The brei was strained through muslin and centrifuged at 1200 g for 3 min. The supernatant was further centrifuged at 15,000 g for 10 min. After decantation the residue was resuspended in 80 ml of the extraction medium and recentrifuged at 15,000 g for 10 min. The washing procedure was repeated using sucrose (0· 5M) containing 1O-3 M ethylenediaminetetraacetate. Finally the residue was resuspended in a minimum volume of sucrose (0· 5M ) . 0 . 6 ml of this preparation contained from O· 4-0·8 mg total nitrogen. All steps of the preparation were carried out at 0-5°C.
( d) Measurement of Activity The oxygen consumption was measured using Warburg manometers, all experiments, unless otherwise stated, being conducted at 30°C. Except where phosphate uptake was also estimated, the substrate was placed in the main compartment and readings commenced after an initial equilibration period of 5 min. For the measurement of phosphate uptake the substrate was tipped after 7 min and oxygen uptake readings taken between 7 and 37 min. The reaction was stopped by tipping 0·2 ml of 40 per cent. HCI04 from a second side arm. The reaction mixtures, including controls which contained no substrate, were quickly chilled, centrifuged, and the inorganic phosphate present in the supernatant estimated by the method of Allen (1940) . 
III. RESULTS

(a) The Oxidation of a-Ketoglutarate
The oxidative abilities of particulate preparations obtained from the various parts of the pea plant tested are shown in Table 1 . Since it was thought that substances contained in the vacuole might have some injurious effect on the enzymic capacity of the particles, ethylenediaminetetraacetate was added in the hope that it might protect the particles from some of these substances (cf. Slater and Cleland 1953) . Results showed that this procedure increased the activity in every case and ethylenediaminetetraacetate was hence included in the extraction medium for all subsequent experiments.
(b) Cofactors
The cofactor requirements for the various preparations are shown in Table  2 . Magnesium ions and AA are essential if good activities are to be obtained.
In general, cytochrome c and DPN have little, if any, effect on the activity, but the coenzyme concentrate from yeast stimulates the rate of oxidation. In the case of etiolated stems, this stimulation is not due to DPN or TPN (Table 3) .
( c) Oxidative Phosphorylation The requirement for AA suggests that phosphorylation concomitant with the oxidation is taking place and this was verified directly for etiolated pea stems and green leaves by measuring the uptake of inorganic phosphate during active oxidation (Table 4 ). Hexokinase and glucose were used to 'trap' the 
* Corrected for endogenous oxygen uptake.
esterified phosphate. Since the points of localization of phosphate esterification during the electron transport have not been determined, it is interesting to note that a phosphorylation also occurs when reduced DPN or TPN is used as substrate (Table 5 ). This was demonstrated by the addition of excess amounts of enzyme systems that reduce DPN and TPN respectively, namely the alcohol dehydrogenase and glucose-6-phosphate dehydrogenase systems.
( d) The Oxidation of Other Substrates of the Tricarboxylic A.cid Cycle
With all the tissues tested, 'particulate preparations can be prepared, which will bring about the oxidation of pyruvate, isocitrate, glutamate, a-ketoglutarate, succinate, and malate (Table 6) .
( e) The Oxidation of Butyrate The oxidation of a fatty acid has not previously been demonstrated in plant mitochondria and the apparent lack of a system oxidizing fatty acids, ultimately via the tricarboxylic acid cycle and the cytochrome system, is the only major difference between mitochondria from animal and plant sources. Table 7 shows that butyrate can be oxidized by certain parts of the pea plant (green seedlings were not tested), but the oxidation is not easy· to demonstrate. This is because of the apparent instability of the system. While the· initial rate of oxidation is high (comparable to that of a-ketoglutarate), the rate soon falls to the level of the sparker oxidation, usually within 15 min and at the most 25 min. A typical rate curve for butyrate oxidation with particles isolated from the aerial portion of etiolated pea seedlings is shown in Figure 1 . It can be seen that the presence of a small amount of tricarboxylic acid cycle substrate (in this case malate), greatly enhances butyrate oxidation.
(f) The Duration of the Oxidative Ability of the Particles
The oxidation of succinate, a-ketoglutarate, isocitrate, and glutamate was usually linear for at least one hour and in some cases for 2-3 hr. Notable exceptions were the preparations obtained from root material, where the oxidation of all substrates was not linear and had generally ceased in 20 to 40 min. Further, the oxidation of pyruvate was not always linear and in most prepara- * Under the conditions of light and temperature used in this experiment, similar preparations from green pea leaves gave a photolytic activity of 600-800 1'1 O./mg chlorophyll/hr, using the ferricyanide assay method of Arnon and Whatley (1949) . tions fell off with time (cf. Laties 1953b) . Where tried, the oxidation of citrate and fumarate proceeded at a rate comparable with that of glutamate.
IV. DISCUSSION
Studies on the oxidative ability of isolated cytoplasmic particles from pea plants have been confined to the stems of etiolated plants (Davies 1953; Price and Thimann 1954) . The activities reported here compare more than favourably with those previously obtained, but under the conditions used here, high activities could be obtained only if ethylenediaminetetraacetate was included in the extraction medium. A similar, though less striking effect, was obtained in all other tissues tested, and it would appear likely that the ethylenediaminetetraacetate protects the particles from some injurious substances, released from the cell vacuole. The cofactor requirements are similar to those needed for comparable preparations from both animal and plant tissues, although the reason for the additional stimulation by the coenzyme extract is obscure. It is not due to any lack of DPN (Table 2) , nor in etiolated pea stems can it be attributed to the lack of TPN (Table 4) . Further, the stimulation is probably not due to coenzyme A present in the Coe, since a stimulation of approximately the same magnitude occurs when succinate is the substrate. These considerations, together with the fact that the AA requirement shows that the oxidative rate is limited by the rate of phosphorylation (d . Laties 1953b) suggest that the site of action of the Coe effect is somewhere along the pathway of phosphorylation.
Hitherto, it has not been possible to demonstrate phosphorus: oxygen (P : 0) ratios in particulate preparations from plants comparable with those observed in preparations from animal tissues (Biale 1953; Bonner and Millerd 1953) . Although a P : 0 ratio greater than unity was not obtained for the oxidation of reduced DPN and TPN, the P : 0 ratios obtained with succinate and a-ketoglutarate are comparable with those obtained with isolated animal mitochondria, and it would appear justified to assume a phosphorylation quotient of Krebs 1954) . It is interesting to note that light has no significant effect on the rate of oxidation or phosphorylation in preparations containing both mitochondria and whole chloroplasts (Table 3 ). The oxidation of butyrate merits some consideration. Previously Newcomb and Stumpf (1952) demonstrated the oxidation of palmitate by cell free preparations of peanut cotyledons. In particular, palmitate, but not any of the lower fatty acids, was oxidized by a cell fraction containing particles of microsomal size, but no oxidation of fatty acids occurred with the mitochondrial fraction. W'hile it is true that the particulate fraction, prepared as already described, would probably contain the larger microsomes, as well as the still larger mitochondria, the initial high rate of butyrate oxidation indicates that this oxidation is taking place on the same particles which bring about the oxidation of the tricarboxylic acid cycle substrates. Both processes are in some way related since small amounts of malate appreciably increase the rate of butyrate oxidation, and it hence appears fairly certain that enzymes contained in the mitochondria are essential for this oxidation, although the possible participation of microsomal particles cannot be discounted. Further work is proceeding towards a more positive identification of the site of butyrate oxidation.
V. CONCLUSION
The above results indicate that the enzymes of the tricarboxylic acid cycle are universally distributed in the cells of the pea plant and that these enzymes are located as a complete integrated system on sub-cellular particles known as mitochondria. The high oxidative activities obtained, together with the demonstration of P : 0 ratios comparable with those obtained with animal mitochondria during the oxidation of a-ketoglutarate and succinate, lead to the conclusion that the tricarboxylic acid cycle-cytochrome system is the major respiratory mechanism operating in the cells of either etiolated or actively photosynthesizing pea plants.
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